Bacteria and digestive enzymes in the alimentary tract of Radix peregra (Gastropoda, Lymnaeidae) Abstract-The extracellular digestive enzymes cellobiase and chitobiase were quantitatively determined in the esophagus, stomach, and intestine of Radix peregru. Although both enzymes had comparable Michaelis constants between 16 and 32 PM liter-l, the enzyme activities were significantly higher for cellobiase (2 nanoKatals [nKat] from the whole gut tract) than for chitobiase (0.3 nKat). As became evident after a treatment with antibiotics, chitobiase was provided by bacteria and cellobiase was synthesized in the digestive glands of the animals. A lysozyme assay indicated that R. peregra was able to digest bacterial food.
Cellulose and chitin are two of the most abundant structural polysaccharides in nature. The ability of animals to digest this ubiquitous food resource is rather limited and often dependent on symbiotic microorganisms (see Vonk and Western 1984) .
Freshwater pulmonates are reported to have both cellulolytic (Skoog 1978) and chitinolytic enzymes (Jeuniaux 1955) . However, quantitative data on enzyme activities are scarce, and although bacteria were found in the gut tract of pulmonates (Reavell 1980) , their possible role in hydrolyzing these refractory substances is not yet clear (Charrier and Lesel 1991) .
This study quantitatively describes the determination of cellulose-and chitin-degrading enzymes and the contribution of bacteria in the activity of these enzymes in a freshwater pulmonate snail.
Traditionally, analyses of digestive enzymes were made in whole-body homogenates of the animals under investigation. However, this makes it impossible to differentiate between true digestive enzymes and the enzymes of other catabolic processes (Hoeger and Mommsen 1984) . In pulmonates, intracellular digestion is of minor importance and extracellular digestion is predominant in the gut tract (Salwini-Plawen 1988) . Therefore, I chose the pulmonate snail Radix peregra for these studies, which digests cellulose and chitin (Owen 1966; Skoog 1978) and also harbors more bacteria in its digestive tract than do other species (Reavell 1980) . Animals were grown in the laboratory on an unlimited diet of lettuce, Tetramin fish flakes, and Chlamydomonas reinhardtii (Chlorophyceae) cells. These foods were chosen because lettuce provides cellulose, and Tetramin, which contains ground arthropod exoskeletons (Tetra Werke pers.
comm.), contributes chitin to the snail's diet. Two enzymes, cellobiase (EC 3.2.1.21) and chitobiase (EC 3.2.1.30), were assayed in the isolated extracellular contents of the esophagus (Es), stomach (St), and intestine (In). This subdivision of the snail digestive tract follows Carriker's (1946) description of the closely related species Lymnaea stagnalis appressa. The esophagus included the buccal cavity, proesophagus, and postesophagus. The stomach contained the crop, the gizzard, and the pylorus (with hepatic vestibule, cecum, and atrium). The intestinal section included the prointestine, intestine, and rectum. The enzyme analysis was made with chromogenic substrate analogs (methylumbelliferone substrates). By starting the enzyme analysis with different substrate concentrations (from 3 to 250 PM) and following the increase in fluorescence per unit time at the beginning or the enzymatic reactions, Michaelis-Menten curves were obtained. A calibration curve, set up with different concentrations of pure methylumbelliferone, served to transform these fluorescences and calculate enzyme kinetics (K, and V,,, values) . Boiled (10 min) enzyme extracts were used as controls so that any background fluorescence present did not interfere with the enzyme analysis. A detailed description of the dissection of the animals, preparation of enzyme extracts, enzyme analysis, and calculation of enzyme kinetics are given elsewhere (Brendelberger 1997) .
In addition to the laboratory-reared animals, cellobiase and chitobiase were also analyzed in field-collected snails for comparison. These wild animals were collected in the Rhine River near Cologne and were measured (but not fed) within 24 h after collection.
To determine the possible role of microorganisms in providing hydrolytic enzymes in the gut of R. peregra, a group of animals was treated with antibiotics. To the aerated tapwater, in which the animals were reared, the following antibiotics and antimycotic were mixed together and then added at the indicated final concentrations: penicillin (100,000 units liter-l), dihydrostreptomycin (10 mg liter-l), and amphotericin B (2.5 mg liter-l). In the case of penicillin (active against Gram-positive bacteria) and amphotericin B (active against fungi), the concentrations indicated are those generally recommended by laboratory manuals for sterile cultures (e.g. Lindel and Bauer 1983) . Therefore, I assumed that both Gram-positive bacteria and fungi were quantitatively eliminated by this treatment, which lasted 2 weeks, by changing the rearing water and the antibiotics/antimycotic every third day. Dihydrostreptomycin, which is active against both Gram-positive and Gram-negative bacteria, was applied at only 10% of the recommended concentration, because at nominal concentrations the snails became inactive and died within a few hours. Any microorganisms surviving were thought to be Gram-negative bacteria. The snails were considered active and unaffected by the antibiotic treatments when the amount of feces per animal per day did not decrease by > 10% compared to the untreated control. Animals treated with antibiotics were also subjected to enzyme analysis in esophagus, stomach, and intestine as described above.
The effect of antibiotic treatment on bacterial abundance was checked by epifluorescence counts of microorganisms after DAPI staining (Porter and Feig 1980) . At least 200 cells were counted in aliquots from all sections (esophagus, stomach, intestine) of the animals' digestive tracts in the treated and control groups.
Enzymes and bacteria were analyzed in 10 animals of lomm body length per group. Enzyme activities were compared with the nonlinear regression analog of ANCOVA (Ratkowsky 1983) ; bacteria in treated and untreated animals were compared by using t-tests, both at the 95% confidence level.
The method was sensitive enough to measure both cellobiase and chitobiase activity in the lumen contents of different gut segments of R. peregru. Fig. 1 shows the substrate saturation curves of the two enzymes measured in the digestive tract of untreated animals. The Michaelis constant (half-saturation constant, Km value) was in the range of 15-32 PM for cellobiase and 15-20 PM for chitobiase. Minor differences between antibiotically treated and control groups were not significant.
The results of enzyme activity determinations (V,,, values) are summarized in Fig. 2 . Cellobiase was mainly found in the stomach of the animals, with activity levels of 1.15 nanoKatals (nKat). The activity decreased by approximately half as food was processed and moved along the gut tract to the intestine. Little cellobiase activity was found in the an- Fig. 1 . Enzyme tests were done with the supernatant (after centrifugation) of gut contents in 0.1 M phosphate buffer at 20°C. Antibiotic treatment was a mixture of penicillin (100,000 U liter'), dihydrostreptomycin (10 mg liter-'), and the fungicide amphotericin B (2.5 mg liter-l) given for a period of 2 weeks. Fresh antibiotics/antimycotic were given every third day. Bottom panel: Number of bacteria (mean + SD, II = 10) per section of the digestive tract. Asterisks denote differences at the 95% confidence level; ns = not significant. terior parts (esophagus) of the digestive tract. There were no differences in cellobiase activity between antibiotically treated and control animals.
Cellobiase activity levels of field-collected animals were only about half the levels of the laboratory-reared animals. This difference can be explained by the food source of wild snails, which mainly consists of detritus and mineral particles that contain less cellulose per unit weight than the food given in the laboratory. Nevertheless, the same pattern of enzyme distribution in the digestive tract was found ( Table  0 With the exception of proteases, which are synthesized in the salivary glands and secreted into the esophagus, most gastropod digestive enzymes are synthesized in the digestive gland and are active either intracellularly or secreted to become extracellularly active in the stomach (Salwini-Plawen 1988). The expectation is that the highest activity of an animal's own extracellular enzymes is shown in the stomach, as was the case for cellobiase here. A second indicator for the animal origin of cellobiase is the fact that antibiotics, which changed bacterial abundances (see below), did not change the activity of this enzyme.
Cellulolytic activity independent of mii=roorganisms has been found by Horiuchi and Lane (1965) in the snail Strombus gigas and by Strasdine and Whitaker (1963) in Helix porn&a. Cellulase activity from the digestive gland of freshwater gastropods was also reported by Owen (1966) ; however, Owen did not exclude additional activity originating from microorganisms in the foregut. Endogeneous cellulases from invertebrates other than gastropods are reported for polychaetes, earthworms, crustaceans, and mussels, whereas most insects (with the exception of some cockroaches and silverfish) do not produce their own cellulases (Vonk and Western 1984) .
Chitobiase activity differed from cellobiase in at least three respects. First, absolute concentrations were almost an order of magnitude lower, with values between 25 and 160 pISat. Second, the distribution of chitobiase was different from that of cellobiase, with maxima found in the esophagus and minima in the intestine. Third, chitobiase activity was significantly reduced by the application of antibiotics.
This reduction was directly paralleled by a decrease in bacterial numbers (Fig. 2 , center and bottom)-both parameters for treated animals were between 30 and 40% of those of control animals. This coincidence between reduction in chitobiase activity and reduction in bacterial numbers after the antibiotic treatment indicates that chitobiase was not synthesized by the animals but was taken up with bacteria from the food. This bacterial origin of chitinolytic enzymes was also shown by Jeuniaux (1955) for the pulmonate H. pomatiu. In another study, Donachie et al. (1995) demonstrated the bacterial involvement in chitinolytic activity in krill (Megunyctiphunes norvegicu) by showing that the activity in the digestive tract was significantly reduced after a treatment of antibiotics. Chitobiase activity is also found in nematodes, polychaetes, crustaceans, and cockroaches, but the origin of these enzymes is unclear (Vonk and Western 1984) .
Bacterial numbers show a continuous decrease from esophagus to intestine in the snails' gut tracts. This decrease is found in the control group as well and implies that microorganisms not only provide extracellular enzymes that help in hydrolyzing refractory food components, but are simultaneously digested by the animals. Digestion of bacteria was also evident from the presence of lysozyme, an enzyme specifically used for digesting bacterial cell membranes, which was found in the digestive tract of R. peregru. A lysozyme (EC 3.2.1.17) assay (substrate, MUF-N,N',N"-triacetylchitotriose) was performed with the same technique as previously described by using an aliquot of the same digestive fluids as used for cellobiase, chitobiase, and bacterial determinations. Lysozyme activities (V,,,) were 11.4 + 3.8 pKat in the stomach and 2.3 + 1.5 pKat in the intestine (n = 10 in both cases). No lysozyme was found in the esophagus. The digestive gland was homogenized in toto and was also measured for lysozyme. An activity of 15.0 + 4.1 pKat (n = 10) indicated that lysozyme, like most other pulmonate enzymes (Salwini-Plawen 1988) , is released by the digestive gland.
Bacterial biomasses may not be high enough to contribute a significant amount of energy to the animals' metabolism. However, the bacteria, besides secreting extracellular enzymes that help in digesting refractory food components, may be indispensable in providing essential amino acids and vitamins (Phillips 1984) .
With the methods described here, the activity and origin of various snail and other macroinvertebrate digestive enzymes can now be determined. This could considerably improve our knowledge of the interactions between macroinvertebrates, microorganisms, and their food and help to better define trophic niches. A simple fiberoptic sensor to detect the penetration of microsensors into sediments and other biogeochemical systems Abstract-We have developed a simple and mechanically robust fiberoptic microsensor that enables optical detection of the sediment-water interface at a spatial resolution of <50 pm. The sensor measures with a tapered optical fiber the increased backscatter of near-infrared light near the sediment surface. To determine the sediment surface position independent of ambient light conditions, we developed a miniaturized opto-electronic system with an intensity-modulated laser diode (780 nm) as the light source and a photodiode as the detector.
Laboratory tests of our system were done with artificial as well as with various natural sediments and biofilms. Fiberoptic microsensors for surface detection can be combined easily with both electrochemical and optical microsensors for oxygen or other reactive species.
Microsensors are frequently used tools for fine-scale measurements of chemical and physical variables in sediments and biofilms. Such microsensors have been developed to measure concentration profiles of oxygen, pH, sulfide, carbon dioxide, nutrients such as nitrate and ammonia, light intensity, and temperature (Revsbech and Jorgensen 1986; de Beer and Sweerts 1989; Cai and Reimers 1993; Ktihl et al. 1994; Klimant et al. 1995 Klimant et al. , 1997 de Beer et al. 1997 ). An important prerequisite for obtaining useful information from microsensor measurements (e.g. calculations of diffusive boundary layer thickness, reaction rates and fluxes) is the ability to determine the exact position of the sensor tip relative to the interface between the biogeochemical system and the overlaying water (e.g. the sediment-water interface).
Penetration of the microsensor tip into a sediment or biofilm has previously been determined mainly by visual inspection of the sediment-water interface through a dissection microscope. Visual observation of the sensor tip at high magnification, however, is limited to laboratory experimental setups, whereas this is not generally possible for in situ work. Furthermore, visual determination of the penetration point can be imprecise or even impossible in systems with pronounced surface topography or with turbid overlaying water.
Most benthic landers with profiling microelectrodes are equipped with miniature resistivity probes that can also be used to detect the sediment-water interface (cf. Tengberg et al. 1995 and references therein) . However, resistivity probes measure on a relatively large scale and are usually placed at some distance (cm) from the microsensor tips. It is therefore impossible to be certain that the surface position obtained by the resistivity probes is precisely relevant for each laterally displaced microsensor-measured profile.
For microsensor-determined O2 profiles it is sometimes possible to infer the surface position from a shift in the slope of these profiles at the sediment-water interface (Reimers et al. 1986; Sweerts et al. 1989 ; Gundersen and Jorgensen
